For the preparation of forthcoming flyover CROR noise tests, CROR noise data are first simulated by a hybrid CFD/CAA solver and are then analyzed by a beamforming technique. The CROR is a realistic full-size CROR flying over a ground microphone array in take-off conditions. For the blade passage frequency of each rotor, the de-Dopplerized spectral density is well recovered by the beamforming technique from the microphone array data. However, the spectral density at the interaction frequencies is wrongly estimated. In this case, the beamforming technique, based on an acoustic model consisting of uncorrelated monopoles, should be modified in order to take into account the strong correlation of the acoustic sources between each rotor.
INTRODUCTION
In the European Clean Sky project [1] , the realization of a Contra Rotating Open Rotor (CROR) demo engine flying test bed is scheduled by 2016. In order to assess the performance of innovative noise reduction concepts, flyover ground noise measurements should be carried-out. Depending on the obtained acoustic gains, straightforward de-Dopplerization techniques based on single ground microphones may fail to identify all the CROR noise tonal components and advanced analysis techniques based on microphone array measurements could be useful, especially beamforming techniques.
Flyover airframe noise sources on conventional aircrafts powered by turbofan engines are fairly well characterized by beamforming techniques. The localization of such noise sources has been investigated for at least two decades [2, 3, 4] . The quantification of the acoustic level emitted from selected areas is however recent, but numerous examples of applications are found in the literature [5, 6, 7, 8, 9, 10] . In the present study, the performance of beamforming techniques to analyze flyover CROR noise sources is tested.
Firstly, the acoustic pressure generated by a realistic CROR flying over a ground microphone array in typical take-off conditions is simulated. The CROR flow is computed by the 3D Unsteady Reynolds Averaged Navier-Stokes solver (U-RANS) of the ONERA CFD software called elsA [11, 12, 13] . The CROR is isolated (no installation effects) and the CFD computation is performed in the CROR frame. The ground acoustic pressure is then determined from the hydrodynamic blade pressure by using the Ffowcs-Williams and Hawkings formulation implemented in the ONERA acoustic software called KIM [14] . Secondly, the acoustic signals at the position of a realistic microphone array are analyzed by an extension of the classical "Deconvolution Algorithm for the Mapping of Acoustic Sources" (DAMAS) to Moving Sources, called DAMAS-MS [8] . The hybrid CFD/CAA computational approach on the one hand and the beamforming strategy on the other hand are successively presented in the remainder.
CROR NOISE DATA

Geometry, operating conditions and microphone array
The simulated CROR is a realistic full size CROR. The front rotor is featured by 11 14-ft diameter blades and the rear rotor has 9 12.6-ft diameter blades. The interval between the rotors is about 3 ft. The presence of a nacelle is simulated. However, no pylon is considered. 
Hybrid CFD/CAA Simulation
The CROR flow is computed by the 3D k-ω U-RANS solver of elsA [11] . The computation is performed in the CROR frame and the space-time periodicity of the boundary conditions is exploited to carry-out an efficient phase-lag strategy [15] approach based on the hydrodynamic blade pressure signals computed by CFD. The acoustic software is KIM [14] . On the one hand, microphone array data are simulated in the ground frame for the beamforming technique. On the other hand, acoustic data are computed in the CROR frame for reference, at R = 30 m from the center of the CROR and several angular directions, see Fig. 1 .
DATA ANALYSIS
Methodology
The ground microphone array data are analyzed by a beamforming-based deconvolution technique for moving sources, DAMAS-MS [8] . The technique consists in seeking the amplitudes of uncorrelated monopoles s i that optimally reproduce the acoustic field radiated on the microphone array, see Fig. 1 . In the present study, the monopoles are located on a 12-m-by-12-m uniform Cartesian grid every 0.5 m representing N S = 625 sources, see Fig. 1 . Furthermore, the source grid is horizontal and follows the CROR during its flyover. For a specific emission frequency f (in the CROR frame) and a specific emission angle θ, see Fig. 1 , the optimal set of amplitudes s = (s i ) i=1···N S , a N S × 1 vector, is solution of the matrix equation
subject to the positivity constraint
and b, a N S × 1 vector, is defined by
for i and j between 1 and N S . For a cross-shaped microphone array, the set of microphone indexes S is given by the cross-processing technique of Ref. [16, 9] . In Eqs. Green's function between the ith monopole and the mth microphone
where c is the sound speed, and R i,m and M i,m are the distance and the radial Mach number between i and m for the emission angle θ, respectively (similarly for G j,m , G i,n and G j,n ). In Eq. Equation (1) subject to the positivity constraint is then solved by the constrained fixed-point procedure of Van Cittert [17] . In the remainder, three emission angles are considered, θ = 70
• ,
90
• and 110
• , and only the expected tonal frequencies k 1 f 1 + k 2 f 2 (in the CROR frame) are computed, with k 1 and k 2 positive integers and f 1 and f 2 the blade passage frequencies of the front and rear rotors, respectively.
Acoustic maps
Examples of acoustic maps representing the amplitude of the monopoles s i as a function of their position in the CROR frame are plotted Figs. 2, 3 and 4 for f = f 1 , f 2 and f 1 + f 2 , respectively. Although, the exact position of the rotors is not recovered at the individual blade passage frequencies f 1 and f 2 , see Figs. 2 and 3, the noise source is located towards the front rotor (ξ x > 0) at f 1 and towards the rear rotor (ξ x < 0) at f 2 , as expected. For the interaction frequency f 1 + f 2 , see Fig. 4 , the noise source is roughly at the center of the CROR, ξ x = 0. Obviously, the radial extend of the rotors in the ξ y direction is not recovered. 
Deconvolved Acoustic Spectra
The de-Dopplerized spectral density generated by the CROR in the far-field is estimated by summing the deconvolved amplitudes s i over the source domain |ξ x | < 6 m and |ξ y | < 3 m for each frequency f = k 1 f 1 + k 2 f 2 , with k 1 ≥ 0 and k 2 ≥ 0. The obtained level corresponds to 1-m propagation distance. The result is plotted Fig. 5 for θ = 70
• , 90
• . For comparison, the reference spectral density straightforwardly measured in the CROR frame at R = 30 m and then extrapolated to 1-m distance is also shown. The deconvolved spectral density of the first two tones f 1 and f 2 is fairly well recovered. The spectral density of their harmonics k f 1 and k f 2 , k > 1, is so low that the comparison is not relevant. The spectral density of the interaction components k 1 f 1 + k 2 f 2 , with k 1 and k 2 not simultaneously nul, is however badly recovered. 
CONCLUSION
For the preparation of forthcoming flyover CROR noise tests, the performance of a beamforming-based technique for moving sources to assess the de-Dopplerized spectral density has been tested. The input data of the methodology are issued of a hybrid CFD/CAA computation relative to a realistic CROR flying over a ground microphone array in take-off conditions. The spectral density at the blade passage frequency of each rotor is well recovered. The amplitude at the interaction frequencies however is wrongly obtained. In this case, it is suspected that CROR noise cannot be well described by uncorrelated monopoles due to the high
